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Technology Drivers
• High Specific energy
• High Energy Density
• Good Low temperature

Performance
• Long Calendar Life
• Low Self Discharge
• Safety and
• High reliability 
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DoD Applications- Soldier Power Trends

• Lithium-sulfur chemistry is expectedly the next-generation rechargeable battery 
technology for soldier power needs
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• High specific capacity of 1670 mAh/g; 

High theoretical specific energy of 2567 

Wh/kg

• 250-400 Wh/kg realized in practical cells.

o Higher specific energy cells have 

generally shorter cycle life

Why Lithium-Sulfur Batteries?

KB 4

Projected pack-level Wh/kg and Wh/l for

a 100 kWh, 80 kW and 360 V Li-S battery

with higher loadings (>8 mAh/cm2 and 7

mg S/cm2) vs. estimated from

demonstrated cell performance (∼2.5

mAh/cm2 and 2 mg S/cm2)

Gallagher et al JECS, 162 (6) A982-A990 (2015) 

Sulfur Cathode

A988 Journal of The Electrochemical Society, 162 (6) A982-A990 (2015)

Figure 8. The effect of useable energy of the battery on the calculated pack-
level energy density and cost for useable energy for a 80 kW and 360 V Li-S
battery.

batteries do not scale linearly with the useable energy; energy density
and cost for useable energy depends greatly on the power to energy
ratio of the designed battery. Figure 8 presents the calculated pack-
level energy density and price for useable energy as a function of the
useable energy. It can be seen that a 30 kWhuse battery has signifi-
cantly lower energy density and higher cost for useable energy than a
100 kWhuse battery, making the larger battery a more cost effective
design.

A key objective of this analysis is identifying pathways to achieve
high-energy density and low-cost Li-S battery. As discussed, the anal-
ysis concludes that electrode loadings higher than 8 mAh/cm2 are re-
quired for reaching the projected Li-S battery with significantly higher
pack-level properties (∼350 Whuse/L and Whuse/kg) than today’s bat-
teries shown in Figure 9: demonstrated Li-S utilizing ∼2.5 mAh/cm2

loadings, 2011 Nissan Leaf, 2012 Tesla Model S and simulated Li-ion
utilizing Gr-NMC622. In the figure, projected pack-level properties

Figure 9. Projected pack-level energy density and specific energy for a 100
kWhuse, 80 kW and 360 V Li-S battery (>8 mAh/cm2 and 7 mg S/cm2)
compared to a Li-S battery projected from the cell demonstrated in Ref. 31
(∼2.5 mAh/cm2 and 2 mg S/cm2). Nissan Leaf (22 kWhuse) and Tesla Model
S (85 kWhuse) as well as projected pack-level properties for Li-NMC622, Gr-
NMC622 and LiySi-S chemistries are also shown for comparison. The larger
ellipse for the projected Li-S is a consequence of the many varied material
properties discussed in the analysis.

Table III. Projected electrode loadings for the encapsulated S
cathodes in the literature assuming initial capacity could be
retained with 60 vol% electrolyte in the cathode.

Cathode Materials
Cathode
S wt%∗

Initial
Capacity

Projected
mAh/cm2 Reference

S-CMK3a-PEG 59 1320 mAh/g 9.1 8
S-GOb 56 750 mAh/g 4.9 19
S-MPCa 65 1071 mAh/g 8.2 13
S-CNFc 75 1560 mAh/g 14.0 21
S-GOb 46 1000 mAh/g 5.3 14
S-CNTd 40 950 mAh/g 4.3 11
S-CNFc 33 1047 mAh/g 3.9 16
S-CNFc-PVPe 75 828 mAh/g 7.4 22
S-GSf-MWCNTg 49 1396 mAh/g 7.9 9
S-PCNSh 54 730 mAh/g 4.6 10
S-HCSi 31 1000 mAh/g 3.5 15
S-CTABj-GOb 56 1440 mAh/g 9.4 18
S-KBCk-GOb 56 1000 mAh/g 6.5 12
S-TiO2 53 1030 mAh/g 6.3 17
S-PSCl-CNTd 60 1150 mAh/g 8.1 20
S-PANm 32 1335 mAh/g 4.8 23

∗S wt% in the entire electrode.
aMesoporous Carbon
bGraphene Oxide
cCarbon Nanofiber
dCarbon Nanotube
ePolyvinylpyrrolidone
fGraphene Sheet
gMultiwalled Carbon Nanotube
hPorous Carbon Nanospheres
iHard Carbon Spherules
jCetyltrimethyl Ammonium Bromide
kKetjen Black Carbon
lPorous Spherical Carbon
mPolyacrylonitrile

for Li-NMC622 and LiySi-S are also shown as potential competitive,
lower-risk chemistries for comparison with Li-S (the parameters used
in the model for these chemistries are tabulated in Table AI in the
appendix). The Li-NMC622 chemistry requires successful control of
Li-metal, but utilizes a commercially available cathode. In contrast,
the LiySi-S bypasses the Li-metal electrode while maintaining a sulfur
cathode as proposed by some in the literature. Using a prelithiated Si
anode instead of Li-metal to decrease the anode chemistry risk leads to
pack-level properties comparable to existing, commercialized battery
technology. If Li-metal could be safely used with NMC622 cathode,
high energy density could be achieved as presented in the figure. As
a conclusion, stable Li-metal cyclability at high current densities is
required for both Li-NMC622 and Li-S batteries to reach the desired
pack level energy densities. Li morphology control is a direct function
of the current density and therefore this challenge is exacerbated at
the high current densities used in the >8 mAh/cm2 Li-S cells.

Capacity retention and rate capability for high S loadings and low
electrolyte vol% in the cathode is another major challenge, which
likely requires new electrode and electrolyte designs to overcome. As
previously discussed in the introduction, many in the literature are
focusing on developing engineered S electrodes that could achieve
higher S loadings without compromising the electronic conductiv-
ity and maintaining structural integrity during the S to Li2S volume
change. However, these studies continue to utilize a dramatic excess
of electrolyte in the engineered cathodes. In Table III, some of the
recent studies on engineered S cathodes are summarized. The initial
specific capacity and S content are fed into our baseline model to
determine the electrode loadings that could be achieved if electrolyte
starved cathodes are used (60 vol% electrolyte). It can be seen in
Table III that it is possible to reach the required loadings with the
engineered S cathodes if the initial capacity could be retained at low

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 99.47.147.120Downloaded on 2018-03-11 to IP 

Energy Projections



2018 LiSM3 Meeting, Chicago, April 2018 Electrochemical Technologies Group, JPL

Life-limiting Processes in a Li-S cell and the Mitigation Strategies

Component Problems Strategies Adopted Rationale Related Challenges References

Coat with protecting layer    
(solid electrolyte)

Rate capability 7,8

Coat with protecting layer         
(gel polymer)

Li dendrite shorts 9

Immobilize in carbon host 
matrix

Strong S-C interactions trap sulfides (e.g. 
as Sn

x- chain-like species, as cyclo-S8 

allotrope does not fit inside pores)

Loading of S for high 
energy density 10, 11

Use sulfide (discharge 
product) as cathode Allows use of non-Li anodes

Sulfide shuttle, poor 
conductivity 12

Poor Conductvity and 
expansion

Meso/microporous carbon 
support for S

High electronic conductivity of C mitigates 
poor S conductivity

Trade-off beteen S 
loading and cycle life

10,11

Passivation Use sulfide (discharge 
product) as cathode

Allows use of non-Li anodes Sulfide shuttle, poor 
conductivity

12

Organic electrolyte with 
additives (e.g. LiNO3, P2S5)

Good conductivity, additives react 
preferentially with sulfide species and 
passivate Li surface, depassivate cathode

Sulfide shuttle not 
eliminated, flammability 
of solvent

13

Ionic liquid electrolyte
Sulfides are insoluble in certain ionic 
liquids

Low ionic conductivity 
at RT 14

Solid-state electrolyte
Blocks contact between Li and soluble 
sulfide species and/or mechanically inhibits 
Li dendrites

Low ionic and electronic 
conductivity of S and 
discharge products

7

Electrolyte

Table 4: Strategies  Adopted to Improve Cycle Life in Li-S cells

Li anode
Blocks contact between Li and soluble 
sulfide species and/or mechanically inhibits 
Li dendrites

S cathode

Poor cyclabaility  and 
dendrites

Polysulfide dissolution, 
redox shuttle behavior

Soluble sulfides 
affecting anode 

stability and 
performance

NATURE MATERIALS | VOL 11 | JANUARY 2012 | www.nature.com/naturematerials 25

and evolution is that the former is not degraded by O2 evolution 
and, in principle, different catalysts can be employed at the different 
electrodes, avoiding the need for both catalysts to be stable in the 
same voltage range.

Although the basic mechanisms of O2 reduction and evolution in 
aqueous electrolytes are well known, the specific processes in those 
containing lithium salts have received much less attention and merit 
further study in view of the present interest in aqueous Li–O2 cells84. 
In this Review we have focused on alkaline electrolytes, as these 
have been most widely used in Li–O2 cells so far. However, acidic 
electrolytes may also be used41 and these give rise to higher voltages 
(up to ~4.25 V versus Li/Li+): 2Li + ½O2 + 2H+ → 2Li+ + H2O.

The Li–S battery
The rechargeable Li–S cell is shown in Fig.  1 and operates by 
reduction of S at the cathode on discharge to form various poly-
sulphides that combine with Li to ultimately produce Li2S. Such 
cells have many attractive features, including: (i) the natural abun-
dance and low cost of S; and (ii) high theoretical energy storage 
(Table 1)15–17. Yet the promise of a device with greater energy storage 
and cycle life than Li-ion has not yet materialized; even after decades 
of development, the Li–S battery has still not reached mass commer-
cialization. Several problems inherent in the cell chemistry remain 
and are summarized in Fig. 7. Among such problems, discussed in 
detail in a previous review16, are: (i) poor electrode rechargeabil-
ity and limited rate capability85,86 owing to the insulating nature of 
sulphur and the solid reduction products (Li2S and Li2S2); (ii) fast 
capacity fading owing to the generation of various soluble polysul-
phide Li2Sn (3 ≤ n ≤ 6) intermediates87–90, which gives rise to a shuttle 
mechanism91; and (iii) a poorly controlled Li/electrolyte interface. 
The shuttle mechanism arises because the soluble polysulphides 
that are formed at the cathode are transported to the anode where 
they are reduced to lower polysulphides, which are then transported 

back to the cathode, where they become reoxidized and then return 
to the anode. If, at the anode, reduction proceeds to form insoluble 
Li2S2 or Li2S, then this can deposit on the anode and elsewhere.

Much of the recent work to improve Li–S cells builds on previous 
approaches. Considerable effort has been devoted to designing 
porous composite cathodes that are capable of delivering electrons 
efficiently to the S as well as trapping the soluble polysulphides. 
These aspects of Li–S battery research are described in the section 
comparing Li–O2 and Li–S.

A different approach to the problem of minimizing transport of 
the soluble polysulphides from cathode to anode involves the use 
of organosulphur-based polymer systems with S–S linkages offer-
ing high specific energy and being capable of reversibly cleaving 
and reforming on reduction and oxidation in the molecular skel-
eton92–94. The charge/discharge reactions of the systems are based 
on the redox chemistry of thiolates (RS−), which can be oxidized 
to give the corresponding radical (RS), which can, in turn, couple 
to form disulphides (RSSR)95,96. Poly(2,2′-aminophenyl-disulphide) 
was an early example96. The redox chemistry of the dimercaptothia-
diazole polymer has also been extensively studied and was shown to 
polymerize to form the highly insoluble polydisulphide. A marked 
advantage of conjugation with the electron-poor thiadiazole ring is 
a substantial increase in the discharge potential plateau by approxi-
mately 0.6–2.8  V. Asides from this, polyvinyl disulphide poly-
mers were also shown to deliver a sustainable reversible capacity 
of 400  mAh  g−1 for at least 200  cycles97, and other polyvinyl sul-
phides containing more sulphur atoms in Sn units (2 < n < 7) are 
being studied at present. Last, it should be recalled that earlier, 
Degott reported92 polythiene-type conjugated polymers with the 
expected large capacity of 630 mAh g−1. However, the polymer had 
poor kinetics owing to the undesirable crosslinks between chains. 
Incorporating this approach with mesoporous carbon electrodes 
may offer an interesting way forward.
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Li2S8 Li2S6 Li2S4 Li2S2

Li2S

0 1,000
Capacity (mAh g–1)

Address
polysulphide solubility

Discharge process

Charge process

S8

3.0

1.5

Po
te

nt
ia

l (
V 

ve
rs

us
 L

i/
Li

+ )

1,600

1,200

800

400

0

D
isc

ha
rg

e 
ca

pa
ci

ty
 (m

A
h 

g–1
)

0 10 20 30 40
Cycle number

Capacity fading

Anode Cathode

 Problems of Li metal

Cycling efficiency
equires stable solid-

   electrolyte interphase

2S
   layer on Li anode

Electrolyte
y

onductivity
s

Trap discharge
products in mesoporous 
carbon cathode.

3 nm

6.5 nm

Li
 m

et
al +–

Li+
Li

metal

e–

e–

Porous
carbon

+ S

Organic
electrolyte

Li2S

Figure 7 | Challenges facing the Li–S battery. Load curve and schematic showing PEG 200-coated CMK-3–S composites that impede diffusion of the 
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• Anode passivation and dendrite 
formation.

• Sulfur expands by 79% 
• Poor conductivity of S and its 

discharge products.
• Polysulfides are soluble in many 

solvents : Form Redox shuttle and 
insulating layer (Li2S) on the anode

shuttle is a powerful overcharge protector for the Li/S
system [2,3]. On the other hand, the shuttle reduces charge
efficiency at end of charge and is an impediment to
attaining higher specific capacity.

In summary, low charge efficiency and low discharge
efficiency at the end of charge and discharge, respectively,
are the main factors limiting sulfur utilization for the cycled
cell.

The full potential of the Li/S system is not attained. Only
about 50% or ~800 mA h/g S is garnered.

Our work focused on both problems—increase of
discharge and charge efficiency. Introduction of sulfur
utilization promoters improved discharge efficiency [4].
Additional Li anode protection with improved electrolyte
formulation leads to 100% charge efficiency. As a result,
total sulfur utilization reached 70% or 1200 mA h/g
(Fig. 2).

Development of a denser cathode, with engineered
porosity and structure, and introduction of new electro-
lytes and sulfur utilization promoters lead to a cell total

energy density of 300 W h/kg. Ragone plots in Fig. 3
represent specific energy at different specific powers for
different rechargeable systems and Sion power experi-
mental cells with nominal capacity of 1200 mA h, weight
of ~9 g, and dimensions of 50!36!6.5 mm. Ragone
plots analyses show that Li/S cells deliver higher specific
energy than Li ion, NiMH, and NiCd at any discharge
power.

3. Low-temperature performance

Improvement of charge/discharge chemistry by tuning
electrolyte formulation allowed operation up to "60 8C
(Fig. 4). What is important to note is that both charge and
discharge can be conducted at low temperatures, unlike
other systems that must be charged at normal temper-
atures prior to low-temperature discharge. This perform-
ance is singular in rechargeable battery technology. It was
experimentally shown that at temperatures below "40 8C,
sulfur reduction proceeds through at least five—and
possibly six—steps. Differential capacity derived from a

Fig. 1. Li/S cell operation scheme.

Fig. 2. Discharge profiles vs. sulfur-specific capacity.

Fig. 3. Experimental cell Ragone plots for different electrochemical

systems.

Fig. 4. C/10 discharge profiles at different temperatures for cells with 750

mA h nominal capacity.

J.R. Akridge et al. / Solid State Ionics 175 (2004) 243–245244

• Some of these approaches have shown improved cycle 
life, but only with low sulfur loadings (2-3 mg/cm2)
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Cathode Loading
– Cathode loading in a Li-ion cell (nickel 

cobalt aluminum oxide, NCA): ~15 
mg/cm2, i.e., ~2.23 mAh/cm2 or 8.9
mWh/cm2 per side

– For 400 Wh/kg, i.e.,1.5 times the specific 
energy vs. Li-ion cells, i.e., 13 mWh/cm2 

per side.
– With a voltage of 2.1 V for Li-S cell, this 

implies an areal capacity of ~6.2 mAh/cm2

for the sulfur cathode.
– With 800 mAh/g from sulfur (and with a 

composition of 65% sulfur), the required 
loading is 12 mg/cm2.

– Almost all reports of Li-S cells in the 
literature describe performance of sulfur 
cathodes with a low loading of < 5mg/cm2 

(mostly 2-3 mg.cm-2) and/or with low 
proportion of sulfur in the cathode.

Design Considerations for a 400 Wh/kg Li-S cell

KB 6

• Electrolyte content needs to be 
reduced to 4-5 ml/g (currently 9-13 
ml/g of S)

A986 Journal of The Electrochemical Society, 162 (6) A982-A990 (2015)

Figure 4. The effect of the electrolyte vol% (E/S ratio in mL/g) in the cath-
ode on the (a) calculated pack-level energy density and specific energy and
(b) volume breakdown of the pack for a 100 kWhuse, 80 kW and 360 V Li-S
battery. Ellipses present a range of cathode kinetics, C wt% in the cathode,
electrode thicknesses and number of parallel cells (see Table I).

The reaction kinetics is another key consideration in the model
as presented in Figure 5. High specific capacity and low average
open-circuit voltage chemistries such as Li-S are very sensitive to
the area-specific impedance (ASI). The ASI a combination of all
the transport and charge transfer resistances in the cell components
and their interfaces.47 Highlighted here is the role of exchange current
density which may vary due to a reduction in the reactant concentration
or reaction rate constant. These kinetic factors are likely a direct
function of the electrolyte system utilized, which controls speciation
and concentration of dissolved polysulfides in concert with the other
electrode constituents. Additional charge transfer processes may also
lead to a higher ASI through the introduction of another slow step in
the transport pathway (e.g., ceramic single ion conductor). Regardless
of the source, a higher ASI leads to lower pack-level properties for Li-
S (Figure 5). The sensitivity of pack-level energy density and specific
energy to reaction kinetics is clearly shown in the figure; an order
of magnitude change in the exchange current density in the model
results in an unacceptable reduction in the calculated systems-level
properties. The sensitivity of pack-level properties to materials-level
kinetics can be explained by the inactive materials mass and volume
being critical for low OCV chemistries (Figure 7 in Ref. 47). For

Figure 5. The effect of kinetics on the calculated pack-level energy density
and specific energy for a 100 kWhuse, 80 kW and 360 V Li-S battery. Ellipses
present a range of electrolyte vol% and C wt% in the cathode, electrode
thicknesses and number of parallel cells (see Table I).

kinetically sluggish material properties, the simulation increases the
cell area, thus lowering the current density, to reach the targeted
electrode overpotential. This increase in cell area brings a system
penalty of larger current collector, separator, and packaging burdens
that wash out the attractive materials-only energy density of the Li-S
couple.

The carbon to sulfur ratio in the cathode is also a critical de-
sign consideration as a consequence of the insulating nature of S and
Li2S. Li-S cathodes typically require high carbon content to enhance
the electronic conductivity of the cathode in addition to providing
more active surface area for the reaction thus for better kinetics.31,45

However, increasing the inactive materials amount in the cell reduces
the specific energy and energy density. In order to study these two
competing effects, the systems-level energy density is calculated as a
function of the cathode C wt% as presented in Figure 6a. Our analy-
sis also determines how battery cost is driven by the materials-level
properties, which will be discussed further in the next paragraph, in
addition to the battery performance; Figure 6b shows the calculated
battery price for useable energy as a function of the cathode C wt%.
It can be seen that there is an optimum carbon content that maximizes
the energy density and minimizes the cost of the battery. Increasing
the carbon content up to this point increases the energy density by
improving the cathode kinetics. As explained above, better kinetics
leads to better systems-level properties. However when the maximum
electrode thickness limitation is reached in the cathode and the cell is
not limited by the kinetics anymore, increasing the inactive to active
materials ratio in the cell becomes a volume and cost burden to the
battery. It is also shown in the figure that the optimum carbon content
drops down to lower values with increasing electrochemically active
surface area, which is again directly related to the improved cathode
kinetics. Although the majority of the cathode structures investigated
in the literature are carbon based, candidate materials as TiO2 are also
demonstrated.17 In fact these denser materials are shown to provide
more control over the polysulfide shuttle.17 To account for these candi-
date host materials, the physicochemical properties and cost inputs in
the model should be changed for each specific structure. The calcula-
tions are not done separately for TiO2 and other candidate structures;
however we believe that the wide uncertainty range in the materials
cost (discussed below) should cover this variability. Here, it should
be mentioned once again that all the parameters are in fact interlinked
therefore C surface area could affect the battery performance and cy-
cle life by other means. However as it was stated previously, each

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 99.47.147.120Downloaded on 2018-03-11 to IP 
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Our Approach to High Capacity and Long-life Li-S cells

• Baseline Li-S cells have poor cycle life 
(capacity fade and low efficiency) 

• Our strategies to improve the cycle life 
sulfur cathodes with high loadings:

• Modification of sulfur cathode with 
metal sulfide blends

• Coating of separator with ceramic 
compounds (Al2O3 and AlF3) and 
polymeric materials.

• Protection of Li anode with ALD-
deposited AlF3

• Assessment of high concentration 
electrolytes

• Corroboration with in-situ polysulfide 
determination
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• Lower capacity and utilization of sulfur in 
thicker cathode even with carbon cloth 
interlayer and LiNO3.

• With denser sulfur cathodes, more 
polysulfides are expected to dissolve in the 
electrolyte.
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• Transition metal sulfide undergoes reversible reactions around the same voltage 
range and can add to the cathode capacity and also mediate the sulfur redox 
reaction.
• TiS2 (Manthiram et al), VS2, ZrS2 (Cui et al) with low loadings (<5mg/cm2), CuS2

(Takeuchi et al)
• Metal sulfide provides some electronic/ionic conductivity 
• Easier to make dense electrodes
• Physical/Chemical Entrapment of S (Cui et al: Nature material Nature Communications 2014 | 

5:5017 | DOI: 10.1038)
• Strong Li–S interaction (between the Li atoms in Li2S and S atoms in TiS2), as well as 

strong S–S interaction between the S atoms in Li2S and S atoms in TiS2). 
• The binding energy between Li2S and a single layer of TiS2 was calculated to be 2.99 eV (10x 

vs Li2S and a single layer of carbon-based graphene, a common encapsulation material).
• Stronger interaction between Li2S and TiS2 can be explained by their similar ionic bonding 

and polar nature, unlike graphene which is covalently bonded and nonpolar in nature.
• Entities that bind strongly to Li2S exhibit strong binding with Li2Sn species as well owing to 

their similar chemical bonding nature. 

Metal Sulfide Blended S Cathodes

Screened several sulfides : TiS2, MoS2 have shown to to improve sulfur utilization and cycle life

KB 8
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Sulfur Cathode With Different amounts of MoS2

• The ratios of S and MoS2 were varied 
from 55:20, 60:15, 65:10 and 70:5, 
while  keeping the carbon and PVDF 
binder the same at 20% ad 5%, 
respectively (55:20:20:5, 60:15:20;5, 
65:10:20:5 and 70:5:20:5 for 
S:MoS2:C:PVDF at ~9 mg/cm2 

(compared to Li-ion cathode powder, 
NCA)

• Specific capacity of sulfur increases with 
MoS2 loading, but specific capacity of 
total cathode decreases at high 
loadings. 

• High sulfur utilization and capacity 
retention during cycling with 10-15% of 
MoS2 in the cathode (65% sulfur)
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• Good performance considering the 
high cathode loading and high 
proportion of sulfur (4.6 mAh/cm2

per side)
• High coulombic efficiency suggests 

polysulfide trapping. 
• The  XRD spectra for TiS2 electrodes 

showed a transition from TiS2 to 
LiTiS2 after discharge and transition 
from LiTiS2 to TiS2 after charge. 

• Similar to the baseline and MoS2
electrodes the S-MoS2 cathode 
showed the presence of sulfur peaks 
after charging and disappearance of 
the same peaks after discharging. 

• No change in the MoS2 peaks

TiS2- MoS2 Blended Sulfur Cathode
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Kinetics Tafel Polarization
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Metal Phosphorus Trisulfides for Composite Sulfur Cathodes

• Rationale: Involve reactions 

with multiple lithiums in the 

same voltage range as the 

sulfur cathode 

• Synthesis: 'one-zone' heating at 

973-1023 K of a stoichiometric 

mixture of suitable 

components in evacuated 

ampoules for five and more 

days followed by a very slow 

cooling

• Synthesized several metal 

trisulfides: FePS3, NiPS3, CoPS3

and MnPS3. Composition 

confirmed from XRD

Kuzminskii et al, J. Power Sources, 55, 133 (1995)
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substances were chosen on the basis of a preliminary (1) to (4); it also lists data for other known cathodic 
estimation of the specific capacity of MPX 3 phases in materials [1], which were calculated in terms of different 
comparison with other known cathodic materials, possible stoichiometry of their reactions with lithium. 

These data and the above ones allow iron and nickel 
phosphorus trisulfides to be chosen (taking into account 

2. Theoretical specific capacity of MPX3 phases the ready availability and cost of the basic substances) 
as efficient materials not only for secondary (x = 1.5 or 

Let us consider the possible current-producing re- 2) but also for primary batteries (x> 2). 
actions in Li/MPX 3 systems and estimate for each case 
the theoretical specific capacity, which may be useful 
for a subsequent analysis of the experimental results. 3. Synthesis of the FePS3 and NIPS3 compounds 
The specific capacity, Q, is known to be determined 
by the x coefficient value, i.e., by the number of lithium A commonly used and relatively simple method for 

the preparation of transition metal phosphorus trisul- gram atoms involved in the interaction with one gram 
molecule of the oxidant, tides is the 'one-zone' heating at 973-1023 K of a 

At the initial stage, Li/MPX 3 cells are discharged by stoichiometric mixture of suitable components in evac- 
a topochemical mechanism. If one proceeds from the uated ampoules for five and more days followed by a 
condition that all the octahedral voids in the van der very slow cooling [10,12,23]. 
Waals gaps of the MPS3 layered lattice are filled with The main shortcoming of this method and other 
lithium atoms, the maximum theoretical capacity for ampoule methods [19] is the long duration of the 
one discharge cycle is determined by the following synthesis, which is due to the slow heterogeneous 
stoichiometry [13,17,18]: reaction between the metal-containing solid phase and 

the gaseous phosphorus- and sulfur-containing reac- 
1.5Li+MPX3 ( ) Lil.sMPX3 (1) tants. If one starts from the stoichiometric charge, the 

However, one should also bear in mind another MPS3 formation kinetics is significantly slowed down 
at the final stage of the synthesis when the pressure possible situation where the reversible behaviour range 

of the cathode will be limited not by geometric factors of the gaseous reactants becomes low. The reaction 
but by the number of acceptor centres in the matrix does not practically proceed to completion due to the 
for the electrons transferred from the intercalated product equilibrium dissociation conditions being 
species. It may be considered proved today [17,20] that reached; this is the main barrier to accelerate the 
the d-levels of M 2+ cations are such acceptor centres; process through raising the temperature. 

It was reasonable to assume that for the reaction: therefore, lithium intercalation is accompanied by a 
reduction of cations, M 2 + ~ M °, in the MPX3 structure. MS + 'PS2' , MPS3 (5) 
Then, the maximum theoretical capacity for lithium 

to be accelerated and shifted towards the formation involved in the electrochemical intercalation process 
increases: of products, the simultaneous action of two factors is 

needed: a higher temperature and an excess of the 
2Li+MPX3 ~ ) Li2MPX 3 (2) reactants that determine the pressure in the system 

It seems to be possible to attain a higher discharge (provided that the presence of these excesses does not 
lead to the formation of new compounds). Taking these capacity, but the corresponding reactions will give rise 

to irreversible changes in the active cathodic material, considerations as a guide, we made a series of exper- 
e.g.: iments, in which we varied the temperature and duration 

of the synthesis as well as the composition of the starting 
4.5Li+Li~.sMPX3 ) 3Li2X+M+P (3) charge towards larger excess amounts of phosphorus 

and sulfur. The synthesis was carried out by both 'one- 
3Li+P ) Li3P (4) zone' and 'two-zone' methods. 
These two reactions are interesting in terms of estimating Highly pure metal powders (Fe or Ni), red phosphorus 
the characteristics of primary batteries since Eqs. (1) and sulfur were used as the basic substances. The 
and (3) result in the implication of six, and in view of components were mixed in the required ratio and placed 
Eq. (4), nine lithium atoms per one MPX 3 molecule in quartz ampoules, which were then evacuated (with 
in the interaction. It remains to be cleared up to what intermediate argon bleed-in) to a residual pressure of 
extent they are electrochemically efficient and how free about 1 Pa, and sealed off. We used ampoules of two 
energy varies in the orders 1.5 ~<x ~<6 and 6 <~x~< 9. sizes: 9-10 mm in inner diameter and 100-180 mm in 

Table 1 presents a comparison of the theoretical length (for several grams of charge), and 19-20 mm 
specific capacity values for iron subgroup metal phos- in inner diameter and 160-280 mm in length (for a 
phorus trichalcogenides which were found using Eqs. few tens of grams of charge). The length of ampoules 

Two lithiums (reversible) and nine lithiums 

(irreversible)
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Fig. 5. Discharge curve for a button cell of the standard size 2325 for the Li/FePS 3 system at a resistance load of 30 k12. The vertical dashed 
lines bound the portion of the curve where the discharge voltage varies from 1.8 to 1.2 V. 

known, however, that the operating voltage range for instance, when passing from the 30 and 12 kIl loads 
1.5 V cells is limited by the values from 1.8 to 1.2 V. to the 5.6 and 3.0 kl) loads, the initial region, cor- 
In the curve shown in Fig. 5, this region is between responding with an abrupt voltage drop, becomes shorter 
two vertical dashed lines (0.94<x<8.85); hence, the and shorter, and the inflection in the curve disappears. 
specific capacity and specific energy values found are The main plateau shifts somewhat below 1.5 V and 
1160 Ah/kg (3595 Ah/1) and 1770 Wh/kg (5485 Wh/l), becomes at the same time shorter, extending to 
respectively, x = 4. 

As the load resistance decreases, the character of Table 2 summarizes specific characteristics of FePS3 
cell discharge undergoes regular changes (Fig. 6). For cathodes for cell discharge up to a final voltage of 
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standard	size	2325	for	the	Li/FePS3 system	at	a	
resistance	load	of	30	kOhm
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Lithiums
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Metal Phosphorus Trisulfides for Composite Sulfur Cathodes

Composition:(S:MPS3:C:PVDF=65:15:15:5); loading 5 mg/cm2

Fig. 7: Performance of Li/S coin cells withMnPS3-blended sulfur cathode (S:MnPS3:CB:PVDF(65:15:15:5) loading:7 mg/cm2

0

0.2

0.4

0.6

0.8

1

1.2

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

0 20 40 60 80

Co
ulo

mb
ic	

Eff
ici
en
cy

Sp
ec
ific

	Ca
pa
cit
y	(

mA
h/
g)

Cycle	Number

Charge Discharge
0.5

0.6

0.7

0.8

0.9

1

1.1

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

0 10 20 30 40

Co
ulo

mb
ic	

Eff
ici
en
cy

Sp
ec
ific

	Ca
pa
cit
y	(

mA
h/
g)

Cycle	Number

Charge Discharge

Fig. 8: Performance of Li/S coin cells with NiPS3-blended sulfur cathode (S:NiPS3:CB:PVDF(65:15:15:5) loading: 4 mg/cm2
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Fig. 9: Performance of Li/S coin cells with CoPS3-blended sulfur cathode (S:NiPS3:CB:PVDF(65:15:15:5) loading : 4mg/cm2
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Performance	of	Li-S	coin	cells	with	composite	 sulfur	 cathodes	containing	various	metal	phosphorous	 triisulfides (15%)
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Performance	of	Li-S	coin	cells	with	composite	 sulfur	 cathodes	containing	various	metal	phosphorous	 triisulfides (15%)
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Li-S cells with Al2O3-coated separator (Asahi and Entek)

• Motivation:
– Al2O3-coated Celgard separator blocks the diffusion of the polysulfide anions by physical

adsorption and electrochemical deposition (Zhang et al., Electrochim. Acta 129, 55 2014)
– Wixom et al (Navitas): Coating with Titanium nitride for aiding in the electrochemical reduction of

polysulfides.

• Separator coated with Al2O3 on one side (typically used on the cathode side)
• Improved performance with two layers of Asahi separator
• Entek separator gives lower but stable capacity

Tonen Separator Al203 Coated –Two layers

Tonen Asahi
Entek
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Li- S Pouch Cells

• Cell with S-MoS2 cathode (10 mg/cm2 loading) and Asahi separator outperforms 
Cell with baseline sulfur cathode (10 mg/cm2 loading) and Tonen separator.

• Excellent performance with high sulfur content (65%) and loading (10 mg/cm2) 
with MoS2 blending  (15%) and new separator 

• 4mAh/cm2 per side (8 mAh/cm2 both sides) based on the realized capacity
• Electrolyte content is ~9 ml/g of S.
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• AlF3 is used as coating for high voltage cathodes in Li-ion cells.
• Li-S coin cells containing sulfur cathode of composition S:CB:PVDF(55:40:5), 

6.45mg/cm2 and AlF3-coated Tonen separator (spray coated)
• Good cycle life with high coulombic efficiency
• Also, good capacity recovery after test interruption for 3 weeks

AlF3-coated Tonen separator (spray coated)
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AlF3-coated Separators from Cycled Cells

SEM images of (a) fresh Tonen separator, (b) Tonen separator coated with AlF3 and (c) AlF3-coated Tonen 
separator after 100 cycles showing AlF3 material present on the surface after coating, and deposition of 
sulfur-containing species on the surface of these particles after cycling. EDS in (d) indicates approximately 
uniform distribution of sulfur-containing species across the surface of the coated separator. 
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Li-S Coin cells with AlF3-coated separator (doctor blade)

Fig.	4.Discharge	capacity	of	Li-S	coin	cells	with	the	standard	sulfur	cathode	
(S:CB:PVDF=55:40:5)	and	with	Tonen	separator-coated	with	AlF3 (doctor-blade)
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• Good cyclic stability and high coulombic efficiency
• The coating  needs to be optimized to improve the 

initial capacity, may be with reduced binder content. 

Fig.	4.Discharge	capacity	of	Li-S	coin	cells	with	the	standard	sulfur	cathode	
(S:CB:PVDF=55:40:5)	and	with	Tonen	separator-coated	with	AlF3 (doctor-blade)
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• Capacity has improved with 2% 
binder, binder the efficiency is lowered 
slightly (till over 90 %)

With 2% PVDF
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Li-S cells with Chitosan coated separator (Asahi)

• Separator coated with Chitosan on one
side (typically used on the cathode side) –
Spin coated

• Stable cycle life with high coulombic
efficiency

• Capacity drop observed after 80 cycles

Fig.	3.Discharge	capacity	of	Li-S	coin	cells	with	the	standard	sulfur	cathode	(S:CB:PVDF=55:40:5)	and	with	Tonen	
separator-coated	with	high	MW	Chitosan	(1%	solution	 in	0.1	M	acetic	acid/H2O;	5x10	drops	at	2.5k	rpm/20	s)

0.85

0.87

0.89

0.91

0.93

0.95

0.97

0.99

1.01

1.03

0

100

200

300

400

500

600

700

800

900

1000

0 20 40 60 80 100 120

Co
ul
om

bi
c	E

ffi
cie

nc
y

Sp
ec
ifi
c	C

ap
ac
ity

	(m
Ah

/g
)

Cycle	Number

Charge Discharge

0.85

0.87

0.89

0.91

0.93

0.95

0.97

0.99

1.01

0

100

200

300

400

500

600

700

800

900

1000

0 20 40 60 80 100 120

Co
ul
om

bi
c	E

ffi
cie

nc
y

Sp
ec
ifi
c	C

ap
ac
ity

	(m
Ah

/g
)

Cycle	Number

Charge DischargeCommercially available polymer, used in agriculture 
and medicine,  

Fig.	3.Discharge	capacity	of	Li-S	coin	cells	with	the	standard	sulfur	cathode	(S:CB:PVDF=55:40:5)	and	with	Tonen	
separator-coated	with	high	MW	Chitosan	(1%	solution	 in	0.1	M	acetic	acid/H2O;	5x10	drops	at	2.5k	rpm/20	s)
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AlF3-coated (ALD) Li Anode

• Procedure: Pulse trimethyl 
aluminum Al(CH3)3 followed by 
HF in 40 times, which should 
have formed a 4.8 nm thick AlF3
coating on Li based on 
calibration runs using on silicon 
wafers. 
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Fig.	7.	Cycling	of	Li-S	coin	cells	containing	sulfur	cathode	of	composition	S:CB:PVDF(55:40:5),	 5.65	mg/cm2

with	the	SAFT	separator	in	standard	electrolyte	with	Li	anode	protected	by	an	ALD	coating	of	AlF3.

0.8

0.85

0.9

0.95

1

1.05

0

200

400

600

800

1000

1200

0 5 10 15 20

Co
ul
om

bi
c	E

ffi
cie

nc
y

Sp
ec
ifi
c	C

ap
ac
ity

	(m
Ah

/g
)

Cycle	Number

Charge Discharge

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

0

200

400

600

800

1000

1200

0 5 10 15 20

Co
ul
om

bi
c	E

ffi
cie

nc
y

Sp
ec
ifi
c	C

ap
ac
ity

	(m
Ah

/g
)

Cycle	Number

Charge
Discharge

Cell 1
Cell 2

0.8

0.85

0.9

0.95

1

1.05

0

200

400

600

800

1000

1200

0 5 10 15 20

Co
ul
om

bi
c	E

ffi
cie

nc
y

Sp
ec
ifi
c	C

ap
ac
ity

	(m
Ah

/g
)

Cycle	Number

Charge Discharge

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

0

200

400

600

800

1000

1200

0 5 10 15 20

Co
ul
om

bi
c	E

ffi
cie

nc
y

Sp
ec
ifi
c	C

ap
ac
ity

	(m
Ah

/g
)

Cycle	Number

Charge
Discharge

Cell 1
Cell 2

• Good performance with MoS2-blended sulfur 
(65% with 15% MoS2) at 11.2 mg/cm2. High Sp. 
Capacity of 6 mAh/g per side.
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Sulfur Cathode Blended with AlF3

KB 21
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• Good performance (high capacity and efficiency) of Li/S coin cells using 
AlF3 blended Sulfur cathode (65% S with 10% AlF3) at 6 mg/cm2 loading.

• High area specific capacity is 3 mAh/g per side.

Cell 1 Cell 2
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Concentrated Electrolytes

Liumin Suo, Yong-Sheng Hu, Hong Li, Michel Armand and  Liquan Chen, “A new class of Solvent-in-Salt electrolyte for high-energy rechargeable 
metallic lithium batteries”, NATURE COMMUNICATIONS | 4:1481 | DOI: 10.1038/ncomms2513 | www.nature.com/naturecommunications

• Highly concentrated electrolytes (solvent in salt) reportedly prevent Li dendrites 
on the anode and polysulfide shuttle on the cathode.

• Poor performance observed at room temperature in 4M-7M solutions (poor 
conductivity)

• Slightly improved performance at 40oC with interestingly high coulombic 
efficiency. May be an option for low power long-life applications.
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Fig.	9:	Cycling	of	Li-S	pouch	cells	with	concentrated	electrolyte	(7MLiTSFI)	different	baseline	sulfur	cathode	and	new	separator
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• Four-electrode glass prismatic 
cell to quantify polysulfides 
through cyclic voltammetry 
(right)

Four-Electrode Li-S cells for Polysulfide Estimation 

Figure	5.	CV	and	discharge	data	from	4-electrode	cell	
with	S-MoS2 cathode	and	Asahi	Al2O3 coated	separator
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Comparison of Polysulfides with different separators/cathodes

Figure	7.	Comparison	of	CV	results	from	4-electrode	cells	
incorporating	various	electrodes,	separators,	and	electrolytes.

• Polysulfides estimated from CV: S + Tonen > S  + Asahi > S+MoS2 + Tonen > S+MoS2
+Asahi > S + Asahi + 7M salt 

• Cycle life follows the inverse trend
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Li/S Prototype Cells from Oxis Energy
• Ten 20 Ah cells received from Oxis and are being tested at JPL

Capacity retention and coulombic efficiency at 
C/5 charge/discharge rates at 20oC. 

Cell ID Mass (g) 1 kHz Z (mΩ) OCV 
AH260917-1 140.131 3.042 2.187 

AH260917-2 139.500 3.001 2.185 

AH260917-3 140.195 2.995 2.185 

AH260917-4 140.105 2.920 2.185 

AH260917-5 140.832 3.058 2.186 
BM260917-1 139.809 2.817 2.185 

BM260917-2 140.179 2.886 2.183 

BM260917-3 140.078 2.888 2.185 

BM260917-4 140.115 2.893 2.185 
BM260917-5 140.989 2.927 2.186 

Average: 140.193 2.943 2.185 

Stdev: 0.412 0.074 0.001 

 

 
OLS-03 OLS-04 

Initial capacity (Ah) 19.08 19.01 
Capacity after 1 week (Ah) 17.03 16.75 

Self-discharge (%) 10.8% 11.9% 
 

Self Discharge

DC Impedance
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Capacity and specific energy at C/5 discharge rate at various temperatures. After each discharge, the
cells were equilibrated at 20 oC and charged at C/5 rate before the next discharge. The second set of
20oC data correspond to observed performance after the indicated discharges down to -20oC.

Li/S Prototype Cells from Oxis Energy
Performance vs. Temperature
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• Novel sulfur/metal sulfide (TiS2 and MoS2) and sulfur composite 
cathodes display high capacity of  ≥800 mAh/g  (based on sulfur 
content),  high coulombic efficiency  and good cycle life (>75% 
retention through 100 cycles of 100% depth of discharge) at C/3 
rate.
– High cathode loadings (11 mg/cm2 or ~6 mAh/cm2 per side) were 

demonstrated in Li-S cells containing composite cathodes with good 
utilization

– Result in a high specific energy of 400 Wh/kg in prototype cells.

• Metal sulfide coatings also improve the cycle life by minimizing 
the polysulfides in the electrolyte.

• New separators with ceramic coating (Al2O3 and AlF3) offer 
interesting opportunities for further improving in this technology. 
Will augment the composite sulfur cathodes

Summary 
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